[1] While it is agreed that the great Sumatra earthquake of December 26, 2004 was among the largest earthquakes of the past century, there has been disagreement on how large it was, which part of the fault ruptured, and how the rupture took place. We present a centroid-moment-tensor (CMT) analysis of the earthquake in which multiple point sources are used in the inversion to mimic a propagating slip pulse. The final model consists of five point sources, with the southernmost sources accounting for the majority of the moment release. The presumed fault planes of the southern sources strike northwest, while those in the north strike northeast, consistent with the geometry of the subduction trench. Slip on the fault is found to be more oblique in the north than in the south. The inversion with five sources leads to a moment magnitude for the Sumatra earthquake of M W = 9.3, consistent with estimates from long-period normal-mode amplitudes. Citation: Tsai, V. C., M. Nettles, G. Ekström, and A. M. , Multiple CMT source
Introduction
[2] The great Sumatra earthquake of December 26, 2004 was one of the largest earthquakes of the past century. Standard Harvard centroid-moment-tensor (CMT) analysis [Dziewonski et al., 1981; Ekström et al., 2005] of this event provided a point-source mechanism and moment magnitude (M W ) of 9.0. Ammon et al. [2005] have produced 3 different model slip distributions, each of which has 9.0 < M W < 9.2. Park et al. [2005] find that a model with M 0 = 6.5 Â 10 29 dyne-cm (M W = 9.1) explains normal-mode spectral data. Work by Stein and Okal [2005] analyzing long-period normal modes ( 0 S 2 , 0 S 3 and 0 S 4 ) suggests a larger seismic scalar moment of M 0 = 1.0 Â 10 30 dyne-cm, equivalent to M W = 9.3. These authors argue that the most likely source of the additional moment release they detect is slow slip in the northern aftershock zone of the Sumatra earthquake. Banerjee et al. [2005] estimate a moment magnitude of 9.1-9.2 based on geodetic data and argue for even slower moment release. Other geodetic analyses [Vigny et al., 2005] suggest that no slow slip is required.
[3] The original CMT analysis was limited by its simple parameterization of the earthquake as a point source in space with a prescribed, triangular moment-rate function. The large centroid time shift of 139 s found in the standard CMT analysis and the results of later studies [e.g., Ammon et al., 2005] suggest that the earthquake had a total duration of 300 -600 s. Because the original CMT analysis was conducted in the 300 -500 s pass band, it is likely that the result of that analysis does not provide an accurate representation of the overall rupture characteristics. To allow for the representation of greater complexity during the rupture process, and to account for moment release occurring over the full duration of the earthquake, we model the Sumatra earthquake with a series of point sources distributed in space and time.
Analysis
[4] We present a modified CMT analysis in which we fit a model with five sources to mantle-wave data filtered in the 200-500-s period range. The data we use were recorded by the IRIS Global Seismographic Network (GSN) and represent a similar dataset to that used in the original Harvard CMT. We edit seismograms recorded during approximately the first nine hours after the earthquake to select only high quality, on-scale segments of the records. A total of 81 stations and 217 components are included in the final analysis.
[5] In the multiple-source CMT analysis, we determine moment-tensor elements and centroid parameters for a set of several sources simultaneously. As in the standard, singlesource CMT analysis, allowing for perturbations to the centroid location and time introduces a nonlinearity in the problem, and the best-fit solution is therefore obtained by iterative inversion. A starting centroid location and time must be provided for each source. Here, we also use an iterative approach to the inclusion of successive sources. We first invert for the centroid parameters for a single source. A second source is then introduced with an initial location approximately 1°N of the single-source location, with a time delay of approximately 30 s. This time delay is chosen with a rupture speed of $3 km/s in mind [Ammon et al., 2005; Ishii et al., 2005] . The locations and times of both sources are then allowed to move to fit the data. The times and locations of the two sources are unaffected by the initial choice of the location and time for the second source. All starting locations between 1°to 3°N, À2°to 2°E and with a time delay of 20-80 s relative to the first source lead to the same final locations and times for these sources. The inversion with three sources builds upon the previous inversion in the same way the two-source inversion builds upon the one-source result. The same best-fit result is attained for a wide range of initial values.
[6] Inversions with four and five sources are conducted in a similar fashion. The results in these cases depend more strongly on the initial values for the locations and times. The variance reduction can always be improved by including more sources, and we therefore test the statistical significance of the improvement in variance reduction achieved by including these sources. We compare models in which sources four and five lie along the fault with GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L17304, doi:10.1029 /2005GL023813, 2005 Copyright 2005 by the American Geophysical Union. 0094-8276/05/2005GL023813$05.00 models in which those sources are placed in random locations. We perform a hypothesis test with the null hypothesis being no difference in residual variance between the random and non-random cases. Using the distribution of residual variance at various depths along the fault as the sample distribution, we reject the null hypothesis at the 99.9% confidence level. The reduction in residual variance that results from including additional sources is thus not due only to an increase in the number of free parameters. An inversion with six sources results in only a marginal improvement in fit over the five-source model and we therefore choose to limit our analysis to five sources.
[7] The long-period waveforms provide limited constraints on centroid depth, and we therefore fix all centroid depths at 25 km. The main effect of changing the source depths is to produce a change in the dip angles of the sources, which leads to a change in the scalar moment. In general, larger estimates of dip lead to smaller estimates of scalar moment. Fixing the source depths at 20 km or 30 km results in slightly steeper dip angles and total scalar moments that are smaller than that of our preferred solution by 11% and 19%, respectively; the misfit to the data also increases. Other source depths lead to shallower or steeper dips, with larger or smaller scalar moments, but no inversion fixed at depths between 14 km and 30 km leads to dips as steep as those estimated from slab contours (12°-18°) [Ammon et al., 2005] . The timing, focal geometries, and relative sizes of the sources do not change significantly as a result of changes to the source depth.
Results
[8] As detailed in Table 1 , the inversion for a single source results in a moment of 4.22 Â 10 29 dyne-cm, similar to that from the standard CMT. The addition of the second source lowers the residual variance by a substantial amount (19%) and increases the total moment by 31%. The moment of the first source increases slightly (2%) with the inclusion of the second source. The inclusion of the third source reduces the residual variance by 34% relative to the twosource model, though the moment of this source is only 36% of that of the original, single-point-source moment. In this step, the total moment becomes more evenly distributed between the individual sources, with the moment of the second source more than doubling in size. We interpret these results as implying a distribution of three areas of large moment release.
[9] The inclusion of sources four and five has a less dramatic effect on the residual variance, but including each source leads to a statistically significant improvement in fit. We note that the addition of each source increases the total moment of the earthquake by an amount greater than its individual contribution to the moment. For example, although source five has a moment of only 0.08 Â 10 30 dyne-cm, including this source increases the total moment by 0.29 Â 10 30 dyne-cm relative to the four-source inversion.
[10] The final five-source model is depicted in Figure 1 and source parameters are listed in Table 2 . The total moment obtained is 1.17 Â 10 30 dyne-cm, equivalent to moment magnitude M W = 9.3. We find two large slip patches (27% and 33% of the total moment) in the southern portion of the fault, the locations of which roughly agree with the locations of regions of high slip in the Ammon et al.
[2005] models. However, the moment release in these two areas is substantially larger than suggested by the results of Ammon et al. [2005] . This is particularly true for the northern of the two sources. Another large slip patch (24% of the total moment) is located farther north (8.4°N). The moment release at 11°N represents about 9% of the total, with the final 7% at 13°N.
[11] A composite moment-rate function is shown in Figure 2 . A large fraction of the total moment is released in the first 200 seconds of the rupture, but substantial moment is released later as well, peaking with source three just prior to 300 seconds and continuing until more than 500 seconds after the initiation of rupture. Of the three Ammon et al. [2005] models, our results have the best agreement with model III in both the slip distribution and moment-rate function, though our results imply a larger moment release at all points along the fault than any of their models. The locations of our southern three sources also agree well with the locations of highest radiated energy in the model of Ishii et al. [2005] and the locations of the northern two sources agree with the northern extent of that model.
[12] The effects of directivity are clear in the data we analyze. As shown in Figure 3 , the amplitudes of the minor-arc arrivals are enhanced in the azimuth of rupture propagation while the amplitudes of the major-arc arrivals are enhanced in the opposite azimuth. The use of multiple sources allows us to model these directivity effects well. From the centroid locations and times of the sources, we calculate a 'propagation velocity,' by which we mean the distance between successive centroid locations divided by the time between them. Some care must be taken in interpreting this velocity, as it represents the propagation of moment release only in some averaged sense. The Strike, dip and rake are given in degrees. Moment is given in units of 10 30 dyne-cm. e describes the relative size of the non-double-couple component of the moment tensor and is calculated as Àe 2 /max(je 1 j,je 3 j) where e i are the ordered eigenvectors of the moment tensor. Values for a composite (''Comp'') solution obtained by summing the moment-tensor components of the individual sources are also listed. The centroid location and time for the composite source are 6.6°N, 93.0°E and 214 s. [Ekström and Engdahl, 1989; , where t = time (s) and M 0 = moment (dyne-cm). The source durations are fixed parameters in the inversion. The zero time corresponds to the hypocentral time of 00:58:53.5. Table 1. velocities between adjacent sources (I-II, etc.) are respectively 4.1, 3.0, 3.3, and 2.2 km/s. The rupture thus appears to have begun fast and slowed after passing source II, slowing again after passing source IV, in agreement with the geodetic estimates of Vigny et al. [2005] .
[13] The total moment (1.17 Â 10 30 dyne-cm) we obtain agrees well with the estimate (1.0 Â 10 30 dyne-cm) of Stein and Okal [2005] , but our result does not require a component of moment release that is sufficiently slow to excite only the longest-period normal modes. We interpret our results as indicating that most of the moment was released in the early, southern portion of the faulting, and that the earthquake rupture progressed northward at typical rates. The final 16% of the moment corresponding to the northern portion of the fault also appears to have been released at a normal rate.
[14] The focal mechanisms of the five sources change systematically from south to north. The strike of the mechanisms rotates clockwise (see Table 2 ), in good agreement with the geologically observed change in strike of the subduction interface. The slip vectors rotate from nearly pure thrust to oblique slip with a large strike-slip component, again consistent with the geometry of the subduction interface and, in general, with plate motions. However, slip directions differ markedly from the direction of long-term plate motion between India and Eurasia [DeMets et al., 1994] , a result consistent with significant extensional and strike-slip deformation in the overriding plate. Many upperplate aftershocks have strike-slip focal mechanisms, especially in the region near 8°N, where the discrepancy between slip direction and long-term plate motions is largest and where we find high moment release in our model. The aftershocks in this region include the Nicobar swarm of late January 2005 , which were primarily strike-slip and normal events in the upper plate. Our model suggests that near 8°N the Sumatra earthquake may have released a substantial portion of the stress normal to the interface but left a significant amount of stress in the faultparallel direction, which is in the process of being accommodated as strike-slip earthquakes in the adjacent region.
[15] Finally, it should be noted that our analysis cannot distinguish between a model with a few, discrete locations of large slip and a model with more uniform slip. However, our results are indicative of at least three, and possibly five, regions of concentrated moment release. This view is consistent with the non-uniform slip distributions obtained by Ammon et al. [2005] and Ishii et al. [2005] .
